Defatted rice bran treated using subcritical water at temperatures between 150 and 180 for 10 min was further treated under subcritical condition at 250 for 5 min. The bran extracts obtained from the first-step treatment were evaluated on their emulsifying and emulsion-stabilizing activities by the Pearce and Kinsella method and spectrophotometr y at 500 nm. The emulsifying activity of the bran extracts was not dependent upon the first-step treatment temperature. The bran extracts performed equally well in stabilizing emulsions through the test storage period. The antioxidative ability of the bran extracts from each series of the two-step subcritical water treatment was assessed by measuring the induction period and also by monitoring the pressure drop in the closed bottle where oxidation took place. The oxidation was better suppressed in samples added with greater amount of bran extracts. The suppression of coloration of bran extracts by two-step treatment was studied. The bran extracts from the first-step treatment showed high emulsion-stabilizing activity, while the subsequent treatment yielded extracts with a radical scavenging activity comparable to that of the control bran extract obtained from a single-step treatment at 250 . The two-step subcritical water treatment of defatted rice bran produced higher overall yields compared to the single-step treatment, but showed no noticeable influence upon suppression of coloration in the bran extracts.
Introduction
Consuming rice as the staple, 0.8 million tons of rice bran is produced annually in Japan as a by-product from the rice milling process, half of which is used as the raw material for oil extraction. This brings about roughly 60,000 tons of rice bran oil production a year [1] .
Defatted rice bran finds its uses in several applications such as animal feed and fertilizer for mushroom cultivation. Nevertheless, most of it is discarded as an agricultural waste. Defatted rice bran contains various functional substances like ferulic acid, a substance that exhibits antioxidative [2] and UV-absorbing [3] properties, and tocopherol, which is known for its antioxidative property [4] . Defatted rice bran could be considered a promising unused resource. Therefore, continuous efforts have been dedicated by researchers to exploring its effective utilization.
As opposed to the unique supercritical condition of water above its critical point (374 , 22.1 MPa), water is present in subcritical condition when being compressed to remain in its liquid state within the temperature range of 100 to 374 . Subcritical water improves with increasing temperature in its ability to dissolve hydrophobic substances owing to the decrease of dielectric constant.
Temperature rise from ambient to 250 results in a decrease of dielectric constant from 80 to approximately 27, which is almost equal to that of ethanol or acetone at ambient temperature [5, 6] . Fur thermore, an over 10,000-fold increase in the ion product relative to that of water at ambient temperature makes subcritical water a promising means for hydrolysis and degradation of sugars and proteins [1, 7, 8] . Our previous work [1] showed that the bran extracts obtained by subcritical water treatment at around 200 possessed an emulsifying activity, while the ones obtained at around 250 demonstrated an antioxidative ability.
Manipulating the temperature-dependency of the properties of bran extracts, a two-step subcritical water treatment was attempted with the first-step treatment done at temperatures between 150 and 180 for 10 min, followed by the second-step treatment at 250 for 5 min.
The bran extracts were characterized and further evaluated on their emulsifying and emulsion-stabilizing activities and antioxidative ability. The two-step subcritical water treatment was also studied as a means to suppress coloration of bran extracts during treatment at 250 , through removal of the possible causes of coloration, sugars and proteins, by the first-step treatment.
Materials and Methods

Materials
Rice bran, defatted by the AOCS official method Ba 3-38 [9] , was supplied by Tsuno Food Industries (Wakayama, Japan). L-Ascorbic acid (purity 99.5%) was purchased from Nacalai Tesque (Kyoto). Folin and Ciocalteu s phenol reagent was from ICN Biochemicals (Aurora, OH, USA). Linoleic acid (purity 95%) was obtained from Tokyo Chemical Industry (Tokyo) and trimethylsilyl diazomethane (2 mol/L in hexane) from Sigma-Aldrich Japan (Tokyo). 1,1-Diphenyl-2-picrylhydrazyl (abbreviated hereafter as DPPH), crystallized bovine serum albumin (BSA, 99% purity), sodium dodecyl sulphate (SDS), soybean oil, and all other chemicals of reagent grade were purchased from Wako Pure Chemical Industries (Osaka). Distilled water was used throughout the entire experiment.
Two-step subcritical water treatment
Apart from the fact the defatted rice bran was treated twice with subcritical water of different temperature ranges, the treatment procedure was basically similar to that reported by Wiboonsirikul et al. [10] . The subcriti- to 500 nm using a Shimadzu UV-1200 spectrophotometer (Shimadzu, Kyoto). The liquid bran extracts were diluted 1000 times with water prior to measurement.
Characterization of bran extracts
Total saccharide content
The total saccharide content in the bran extracts was determined separately for the two steps of treatments.
The phenol-sulfuric acid method was employed with some minor modification [11] . One milliliter of the diluted liquid bran extracts or standard glucose solutions was added with 25 L of an 80% (w/w) aqueous phenol solution, followed by 2.5 mL of H 2 SO 4 . After addition, the mixtures were well mixed and held for 10 min under ambient conditions before being cooled in a 25 water bath for another 10 min. The total saccharide content was determined with the Shimadzu UV-1200 spectrophotometer at 490 nm. All experiments were performed in triplicate.
Total protein content
The total protein content was also assayed separately for the bran extracts obtained from different steps of treatments. The total protein content was evaluated in accordance to the Lowry-Folin assay [12] . The total protein content determined by this method also takes into account the degradation products of protein such as peptides and amino acids. The calibration curve was constructed using standard BSA solutions. Triplicate assays were run for every liquid bran extract.
Yield of extraction
Thirty milliliter of the liquid bran extract was lyophilized. The yield of extraction was computed by calculat-ing the equivalent weight of solid bran extract for 70 mL of liquid bran extract and dividing the value by 7 g of defatted rice bran. The yield was determined in triplicate and presented in the units of g/g-bran.
Radical scavenging activity
Ten to 160-fold dilution was performed on the liquid 
Emulsifying and emulsion-stabilizing activities
The evaluation of the emulsifying activity of the bran extracts was carried out according to our previously reported method [1] , with slight modifications. Three milliliter of 3% (w/v) bran extract solutions were prepared from the solid bran extracts collected from the first-step treatment at 150, 160, 170, and 180 . Oil-inwater emulsions were prepared by homogenizing 150 mg of soybean oil with 3 mL of the bran extract solutions with a rotor/stator homogenizer (Physcotron NS-50, Nichion Irida Kiki, Tokyo) for 3 min at approximately 25,000 rpm. It has been reported that emulsifying activity of a substance could be evaluated by measuring the absorbance of the emulsion at 500 nm [14, 15] . The emulsifying and emulsion-stabilizing activities of the aforementioned bran extracts were evaluated by measuring the absorbance of their corresponding resultant emulsions immediately after preparation and after 20-h storage at 25 , respectively. Dilution of the emulsions was done with 0.1% (w/v) SDS to produce an absorbance below 0.4. Besides spectrophotometry, the median diameter of the oil droplets in the emulsions was also measured using a SALD-2100 laser diffraction particle-size analyzer (Shimadzu, Kyoto). All experiments were done in triplicate.
Antioxidative ability against oxidation of linoleic acid
Antioxidative ability of the bran extracts was evaluated on the retardation effect upon oxidation of bulk linoleic acid by measuring the induction period based on the accelerated method [16] 
Results and Discussion
Coloration characteristics of bran extract
The photos of the liquid bran extracts obtained from the first-step and second-step treatment are shown in the upper and lower rows, respectively, in Fig. 1 .
Generally, the liquid bran extracts from the first-step treatment appeared comparatively lighter in color. The color darkness increased with increasing treatment temperature. At the treatment temperature of 180 , the color of the liquid bran extract was almost as dark as the one obtained at 250 and those obtained from secondstep treatment. The color darkness is plausibly consequential to the browning reactions, either the Maillard browning or caramelization between the extracted proteins and carbohydrates [17] . Darker color places certain limitations on the application of the bran extracts in food.
Hence, the two-step treatment was attempted to curb coloration by first removing carbohydrates, which may be the possible cause of coloration. However, the color of liquid bran extracts from the second-step treatment was seemingly unaffected by the first-step treatment, suggesting the presence of other substances that contributed to the dark color. [10]. At high treatment temperatures like 250 , the phenolic substances extensively bound to hemicellulose, cellulose, and lignin in the bran cell wall may be released in large amount owing to the hydrolysis of hemicellulose and cellulose. Besides phenolic substances, the products from browning reactions such as protein-carbohydrate conjugates, melanoidins, and heterocyclic compounds may also be partly responsible for the radical scavenging activity [21] [22] [23] .
Characterization of bran extracts
In comparison to the bran extract from the first-step treatment at 250 , there was a decline in radical scavenging activity, though by only about 30%. This finding may partly be attributed to the degradation of phenolic compounds as treatment prolonged [17] . Moreover, part of the phenolic substances may have been extracted during the first-step treatment.
Emulsifying and emulsion-stabilizing activities
It was previously reported that rice bran extracts prepared using subcritical water treatment at 120 to 180 for 7.5 min possessed emulsifying and emulsion-stabilizing activities for the preparation of oil-in-water emulsion [16] . The emulsifying activity of the bran extracts obtained from the first-step treatment at 150, 160, 170, and 180 was evaluated immediately after preparation by the absorbance at 500 nm [14] and also the median diameter of oil droplets of the emulsions (Fig. 6) . There is rarely a difference in the absorbance at 500 nm and median diameter of oil droplets among the bran extracts, implying similar emulsifying ability of the bran extracts. (Fig. 9) . Regardless of the first-step treatment temperature, all bran extracts showed similar improvement in stabilizing bulk linoleic acid against oxidation. The stabilization effect is dependent upon its concentration in the system rather than the first-step treatment temperature.
The antioxidative ability of the bran extracts obtained from the second-step treatment with different first-step treatment temperatures was also estimated by monitoring the pressure drop in the closed wide-mouthed bottles throughout the oxidation reaction (Fig. 10) . A steep 
